Abstract. We present a deep, wide-field optical survey of the young stellar cluster Alpha Per, in which we have discovered a large population of candidate brown dwarfs. Subsequent infrared photometric follow-up shows that the majority of them are probable or possible members of the cluster, reaching to a minimum mass of 0.035 M⊙. We have used this list of members to derive the luminosity and mass functions of the substellar population of the cluster (α=0.59±0.05, when expressed in the mass spectrum form φ∝M −α ) and compared its slope to the value measure for the Pleiades. This comparison indicates that the two cluster mass functions are, indeed, very similar.
Introduction
In an ongoing effort to discover low-mass stars and brown dwarfs (BDs) belonging to young open clusters, we have studied the association Alpha Per. This is well-known nearby cluster with (m-M) 0 =6.23 (176 pc). The interstellar reddening is also low, A V =0.30 (Pinsonneault et al. 1998) . The normally quoted age for the cluster, based on isochrone fitting of the upper main sequence (MS), is of order 50 Myr (cf. Meynet et al. 1993 ), though models with a larger amount of convective core overshoot can yield ages up to about 80 Myr (Ventura et al. 1998) . Recently, using the data we published in a preliminary study of the BD population of the cluster , we estimated the age as 90 Myr, based on the location of the lithium depletion boundary. The theoretical background to this method can be found in Kumar (1963) and D'Antona and Mazzitelli (1994) , and when applied to the Pleiades Stauffer et al. 1998a ) and IC 2391 has also yielded ages ∼50% older than previously assumed. A review of these results may be found in Basri (2000) .
Send offprint requests to: D. Barrado y Navascués ⋆ Based on observations collected with the Kitt Peak National Observatory, USA, and the Hispano-German Observatory of Calar Alto, Spain During the last years, different clusters and star forming regions have been studied intensively and their BD population revealed. The Pleiades, Alpha Per cluster, IC2391, M35, NGC2516, Taurus, the Trapezium cluster, Sigma Orionis cluster, Cha I dark cloud, Upper-Sco OB association, and IC348 have been investigated (Rebolo et al. 1995; Festin 1997; Bouvier et al. 1998; Stauffer et al. 1998ab, 1999 Briceño et al. 1998; , 2001ab, 2002 Neuhäuser & Comeron 1999; Zapatero-Osorio et al. 1999 Lucas & Roche 2000; Luhman 1999 Luhman , 2000 Martín et al. 1999 Martín et al. , 2000 Martín et al. , 2001 Béjar et al. 2001; Pinfield et al. 2000; Ardila et al. 2000; Najita et al. 2000; Moraux et al. 2001; et cetera) . All these works show that BDs are quite numerous and that the mass function (MF) usually presents an increase for very low-mass objects. In any case, the total mass below the substellar limit only contributes a few percent to the total mass of the parent cluster, at least in the case of the Pleiades (∼3-5 %, Bouvier et al. 1998 . However, it is not clear whether this MF is universal and this result can be extrapolated to other young clusters.
In this paper, we present a new deep, wide-field optical survey of the Alpha Per cluster. We have followed-up the optical candidates in the near-infrared using new infrared imaging data and the 2MASS catalogue (Skrutskie et al. 1997) . Using this wealth of data, we have been able to partly cloudy. In order to provide calibrated photometry for all stars, we overlapped the survey fields so as to provide photometric calibration even for fields whose deep images were obtained through light cirrus. The average seeing for the deep images was of order 1.0 arcseconds. For most fields, we obtained two 900 second R images and two 420 second I images; a few of the fields just designed to tie together the photometry were only observed with 100 or 200 second exposures. In all, we obtained deep imaging of 13 fields, thus corresponding to a total area on the sky of order 3 square degrees. Photometric calibration was derived from short exposures of three Landolt (1992) fields in SA92, SA98 and SA101. Initial results from analysis of the shorter exposures obtained during this run were reported by Stauffer et al. (1999) .
Infrared follow-up
In addition to the KPNO/MOSA observations, we undertook several infrared observing campaigns at the HispanoGerman Calar Alto Observatory in order to obtain additional data for candidate cluster members (see section 3.2). These runs included November 22-23 1999, using Omega-Cass (1024 2 pixels, 0.3 arcsec/pixel) on the 3. All were observed in the K ′ filter, while 24 were also measured at J, and a handful also at H.
We also searched the 2MASS point source catalogue (Skrutskie et al. 1997) , in order to extend the infrared data coverage. Unfortunately, the present version of the 2MASS catalogue does not completely cover the Alpha Per cluster, due to gaps between the scans in that part of the sky. Moreover, the 2MASS survey does not go deep enough to detect all faint candidates in our survey. In summary, 47 of our candidates were found in the 2MASS catalogue; 25 additional candidates lie in the non-covered areas; and 21 are too faint to have been detected.
In total, all but two BD candidates derived from the optical KPNO MOSA data also have near-infrared photometry. Table 3 lists all available photometry.
Previously known Alpha Per members
In the following analysis of membership, we have also included previously-discovered photometrically-selected members of the cluster . Some of these also have low-and medium-resolution spectroscopy which supports their membership. We also searched the 2MASS catalogue for infrared photometry for these previouslyknown members (Table 2) , for comparison with our MOSA-selected sample. Note, of course, that Alpha Per cluster contains other brighter and more massive members not analysed here (Stauffer et al. 1986 (Stauffer et al. , 1989 Prosser 1992 Prosser , 1994 Prosser , 1998 .
Analysis

Optical photometry and coordinates
Raw photometry was derived using PSF-fitting, and calibrated using several standard stars (see section 2.1). We computed the initial coordinates by transforming the X,Y positions of each CCD to α, δ using field stars with known coordinates. The accuracy of this astrometry is better than 1 arcsec. Following this, we searched for the 2MASS counterparts, and when available, we used the much more accurate 2MASS astrometric positions in Table 3 .
Our KPNO/MOSA optical data cover the range 16≤I c ≤22.5, 0.0≤(R-I) c ≤3.5. Figure 1 allows an estimation of the completeness limits. We have displayed two histograms with the number of detections in the R c and I c filters in a logarithmic form. The detections limits are located at the points where the histograms diverge from the straight lines (Wainscoat et al. 1992; Santiago et al. 1996) . This is true for a region where field stars dominate the overall population, as in the case of the Alpha Per cluster (many more field stars than cluster members in a particular area). Therefore, for cluster members, we estimate that I complete ∼20.75 mag, R complete ∼21.9 mag. However, since the R c filter effectively limits the completeness for cluster members, the actual values are I complete ∼19.5 mag, (R−I) complete ∼2.4. The detection limits reach I limit ∼22.5 mag, R limit ∼25.5 mag.
Optical colour-magnitude diagram
Figure 2 displays all the detections within our MOSA survey area. The straight dashed line denotes the position of a fiducial main sequence (i.e., the criterion we have used to select candidate members of the cluster). This line is an empirical zero age main sequence, shifted to fit the locus of previously known Alpha Per members. A total of 260,000 stars were detected, by far the majority of them field stars, fairly well separated from the cluster population by a fairly wide gap. This gap is not as sharp however as is seen in the Pleiades (Figure 2 of Bouvier et al. 1998) , and thus we anticipate a stronger contamination of the cluster population in Alpha Per compared to the Pleiades: the latter cluster has a contamination of ∼30% (Bouvier et al. 1998; Martín et al. 2000; Moraux et al. 2001 ).
We have selected 94 candidate members based on the optical CMD. Since some of our fields overlap with each other, some of them have been detected twice, showing Note that all colour-magnitude and colour-colour diagrams presented in this paper (this and next subsections) have made use of the following reddening values: A I =0.179, A J =0.085, A K =0.034, and E(V -I c )=0.121, E(R-I) c =0.067, E(I c -J)=0.094, E(I c -K)=0.145, and E(J-K)=0.051. These values were derived from A V =0.30, R V =3.12 and the interstellar extinction law and transformation equation between filters and systems published by Rieke & Lebofsky (1985) and Taylor (1986) .
Infrared data and membership selection
Alpha Per candidate members brighter than I=18.5 are expected to be detected by the 2MASS survey (Skrutskie et al. 1997) , which reaches about K∼15. We have searched in this database and extracted the IR photometry for them. However, 2MASS has several patches in the Alpha Per area, with gaps between the images and some of our candidates were not observed. For objects at the faint end of 2MASS and fainter than it, we have carried out our own deep IR observations. All these data are listed in Table 3 .
Figures 3b, c, and d show optical/IR-colour magnitude diagrams for the candidates derived from the KPNO, Calar Alto, and 2MASS data (Table 3) . Symbols are as in Figure 3a (see key or section 3.2). As in the case of panel a, a reddening vector for A V =2.0 has been included for comparison purposes. Note that neither of the two isochrones fully agree either with the new MOSA data or with the previously discovered bona fide members . This is perhaps not unexpected, as even these models which include state-of-the-art model atmospheres do not as yet accurately reproduce the optical SED's for late type stars and hence, in particular, the R band magnitudes are only approximate for the very cool objects in our figures. Figure 4 shows an optical-infrared colour-colour diagram for the same sample. The solid line corresponds to an empirical main sequence based on Leggett (1992) data. Objects with full agreement between their photometric locations in the four colour-magnitude diagrams and those expected for bona fide cluster members are henceforth classified as probable cluster members. Others, with slight disagreements in their photometry are classified as possible members. Finally, some (shown as asterisks) could be readily rejected as cluster members. The classification of each object is shown in the last column of Table 3 . Out of the initial 94 candidates, more than half (54) have been classified as probably cluster members and 12 as possibles, while 26 objects turn out to be non-members. The remaining 2 candidates do not have infrared photometry and cannot be classified. Thus, the contamination of the sample lies in the range 30-45%, similar or larger than in the case of the Pleiades (Bouvier et al. 1998; Martín et al. 2000; Moraux et al. 2001 ).
Luminosity and Mass Functions
Luminosity Function
We have computed the cluster luminosity function (LF) at the end of the main sequence. We have done this both before and after rejecting the non-members from our initial membership list. The LF is illustrated in Figure 5 , where we represent the histograms computed with the initial and final candidate members as solid circles (solid and dashed lines, respectively) and a control group of objects selected in the same fashion, but with colours bluer than them, with an arbitrary shift of ∆(R-I)=-0.2 mag. Based on this selection criterion, the vast majority of the comparison sample should be field stars, at a distance similar to that of the cluster stars. The dotted segment represents the location of the completeness limit, which corresponds to ∼0.05 M ⊙ . Poisson noise for each value is represented with the vertical error bar. Note that apparent I c magnitudes are displayed at the bottom x-axis, whereas ab- solute magnitudes are represented at the top x-axis. The Alpha Per cluster LF presents two peaks (at this magnitude range): one at M(I c )∼10 and another at 14.5 magnitudes. In the first case, the peak appears both in the Alpha Per member list and in the control group described above. In the second case, the sample is not complete, and it could be strongly influenced by pollution by spurious members, as the comparison with the control group suggests. Note that the peak at M(I c )∼10 is present in some other young clusters, including the Pleiades (Zapatero Osorio 1997), but not all, for example, NGC 2516 (Jeffries et al. 2001; Barrado y Navascués et al. 2002) , a rich, ∼125 Myr old cluster that is either slightly metal deficient (Jeffries et al. 1997 (Jeffries et al. , 1998 (Jeffries et al. , 2001 or approximately solar metallicity (Debernardi and North 2001; Terndrup et al. 2002) . The peak in the LF for NGC2516 appears to occur about a magnitude fainter than for the Pleiades and Alpha Per (that is, at about M(I c )∼11). Another similar age cluster, M35, appears to have the peak occur at about M(I c )∼9 (Barrado y Navascues et al 2001a). Therefore, the exact absolute magnitude of the peak does not seem to be universal, at least for 100-200 Myr clusters.
The gap in the Alpha Per LF at M(I c )∼12.5 (corresponding to M6-M8 spectral type or about 0.055 M ⊙ for an age of 80 Myr) has been also found in other clusters. This is the case of the young cluster IC2391 (Barrado y Navascués et al. 2001b). Jameson (2002) noticed that this gap, which appears at about M7 spectral type, is present in clusters with ages ranging from few million years (Sigma Orionis cluster), up to at least seven hundred million year (Praesepe). It is clearly seen in the Pleiades too. They suggested that it could be related to the formation at these temperatures of large dust grains, although it might be related to some specific behavior in the luminosity-mass relationship or to the formation mechanism of these low mass objects (the efficiency of the fragmentation and collapse for cores with this mass range within the parental molecular cloud).
Mass Function
We have computed the Mass Function of the Alpha Per cluster using the non-dusty (Next-Gen) models by Baraffe et al. (1998) Siess et al. (2000) . In order to assess the effects of contamination by field stars in our survey, and biases due to incomplete coverage in the infrared, we have estimated the MF based on several different subsamples of the candidate list. For the first sample, we used the full candidate list derived from the optical data only. In the second, we removed definite non-members. In the third, we removed sources without infrared photometry. Finally, in the fourth, we included only those sources classified as probable cluster members. All four derived MFs are shown in Figure 6 along with the MF for the Pleiades (Bouvier et al. 1998; Moraux et al. 2001; Zapatero Osorio et al. 2002) . Overall, the behaviour of the Alpha Per cluster MF is very similar to that of the Pleiades, both in the overlapping mass range and for less massive brown dwarfs. However, the MF of the Alpha Per cluster shows some possible structure, with a dip about 0.055 M ⊙ and a drop beyond 0.035 M ⊙ , regardless the cluster age in the range 50-100 Myr (see next paragraph). Unfortunately, the uncertainties are large, the completeness limit of our MOSA survey is about 0.050 M ⊙ , and there is significant pollution by field stars below this mass (peaking at about 0.030 M ⊙ ). Figure 7 shows several realisations of the Alpha Per MF as a function of age (50, 80, and 100 Myr), using the complete list of candidates minus the definite nonmembers (Section 3.2). MFs have been derived for both the non-dusty Baraffe et al. (1998) and Burrows et al. (1997) . Masses were derived either from the M(I c ) magnitude (Baraffe et al. 1998 list these values) or from the bolometric luminosities (after Monet et al. 1992) . It is readily seen that the slope, within the uncertainties, and the general shape of the cluster MF is essentially independent of the adopted age or the model. The exact mass of the dip in the MF (assuming it is real), however, does shift slightly depending on the age.
When defining the MF as φ∝M −α (or more properly, the mass spectrum), the spectral index α indicates the slope in the diagram we show in Figure 6 . We have fit a power law function to this MF, obtaining α=0.59±0.05. For the Pleiades, this index is 0.6, as derived by Bouvier et al. (1998) Figure 7 . The spectral index of Sigma Orionis cluster (α=0.8±0.4) also agrees quite well, within the uncertainties, with both Alpha Per cluster and the Pleiades. Note that the Alpha Per data corresponding to the gap at 0.055 M ⊙ have not been included in this fit. In any case, independently of the power law index of the MF, Figures 6 and 7 clearly show that the MF keeps rising well below the substellar limit for Alpha Per cluster.
Brown dwarfs in the cluster
Recently, both Stauffer et al. (1999) and Basri & Martín (1999) medium resolution spectroscopy, and some infrared photometry, establishing the location of the lithium depletion boundary (with the lithium age of the cluster, 90±10 Myr) and the member list of bona fide members (based on rough radial velocity, lithium detection, Hα emission, spectral types, et cetera). Since their spectroscopic data go down to I c =18.7, and the stellar/substellar boundary is located at I c =18.2 (Baraffe et al. 1998), they were able to catalogue 2 objects as probable brown dwarfs (another 3, which were catalogued as possible members, could also be BDs). In our new MOSA sample, there are 27 objects below the substellar frontier. Out of these 27 objects, 11 have infrared photometry which indicates that they are probable members of the cluster and, therefore, brown dwarfs. Another 5 have been classified as possible members and could be BDs if their membership is confirmed. The minimum mass is 0.035 M ⊙ . Therefore, it seems likely that we have discovered a substantial population of BDs in the Alpha Per cluster. Note that it is difficult to use the proper motion method to establish Alpha Per membership, since its proper motion (22.93 mas/yr in α and -25.56 mas/yr in δ, Robichon et al. 1999) , is large enough to be measured, but is also shared by a large fraction of the field stars (see, e.g., Prosser 1992) . Therefore, only additional spectroscopic data (or better, a combination of optical and infrared photometry, proper motions and spectroscopy) will demonstrate beyond any reasonable doubt that the faint objects listed in our sample are, indeed, brown dwarfs.
Summary
Optical and near infrared photometry have been used to select a list of probable and possible low-mass members belonging to the young cluster Alpha Per, unveiling a large population of brown dwarf candidates. This information has been used to derive the luminosity and mass function of the cluster in the substellar domain. The index of the mass function, α = 0.59, is very similar to that determined for the Pleiades (120 Myr) and σ Orionis (2-8 Myr) clusters. 
